A recently proposed scheme for calculating E-shell ionization cross sections in atoms and molecules using the relaxed-core Hartree-Pock (RCHF) approximation is extended to the treatment of shakeup processes. As an example, this scheme is applied to the m-~* satellites in the C ls photoelectron spectrum of CO. These results for the (SO, S1) pair of~-~* satellite states reveal strong interference effects between the "direct" (bound-free dipole integral) and "conjugate" (bound-free overlap integral) contributions in the transition moment at near-threshold energies. These effects are particularly dominant in the kyar subchannel and, for the triplet-coupled satellite (S1), lead to a drastically increasing cross section with decreasing photon energy. For the singlet-coupled satellite (SO) destructive interference leads to a comparatively small cross section near threshold. While these findings may explain the strikingly different behavior of the SO and S1 satellite intensities in recent experiments, the present results also show distinct o. -type shape resonances in both satellite channels at about 10 eV photoelectron energy that are apparently at variance with the experimental evidence. An analysis of the RCHF transition moment via perturbation theory shows that already in first order some potentially important dynmical contributions are missing. In these studies a direct method based on the Schwinger variational principle and single-center expansion techniques is used to obtain the photoelectron orbitals. PACS number(s): 33.60.Fy, 33.80.Eh
I. INTRODUCTION
K-shell photoelectron spectra of atoms and molecules exhibit, in addition to the 1s-hole main peak, an intense satellite structure associated with shakeup and shakeout' processes, i.e. , valence-electron excitation and ionization, respectively accompanying the ls-electron ejection [1, 2] . For large photoelectron energies (sudden limit), e.g. , realized in Al Ka excitation of second-row elements, the relative satellite intensities with respect to the 1s main peak are to a good approximation determined by spectroscopic factors reAecting solely bound-state properties of the neutral system and the ion [3, 4] . Under such conditions typically 30 -40%%uo of the ls cross section is diverted to the shakeup and shakeout' spectrum. Single shake-up peaks with up to 10% of the ls-hole main peak intensity have been observed for unsaturated molecules like CO and N2 where excitations to low-lying valence-type o. * and m. * orbitals are possible [1, 2] .
At low photoelectron energies, in particular, near resonances and ionization thresholds, deviations from the "asymptotic" spectral profile can be expected. The dynamical aspects of K-shell ionization in atoms and molecules have been the subject of recent experimental studies using tunable synchrotron radiation [5 -8] . Surprising intensity variations have been observed at near-threshold energies for the pair of~-~* satellites in the C 1s and N ls photoelectron spectra of CO and N2, respectively [8] .
The first satellite, characterized as a m-sr* triplet excitation and having only a small relative intensity in the high-energy limit, becomes drastically enhanced (up to 10% relative to the ls main state) at low photon energies.
In contrast, the relative intensity of the second, singletcoupled,~-~* satellite decreases steadily from a large value at high photon energy to a rather small value at threshold. The strong enhancement of the first~-~* satellite in the C 1s spectrum of CO was previously inferred by Ungier and Thomas [9] from coincidence measurements combining electron-impact ionization and Auger electron spectroscopy. More recent evidence was found by Medhurst et al. [10] studying the C ls ionization of CO by zero-kinetic-energy (ZEKE) [12] on Ne ls and Ar 3s satellites, respectively, using methods based on many-body perturbation theory. For 0 molecules we are aware only of a recent study by Argen and Carravetta [13] . Using a Stieltjes moment theory approach these authors calculate satellite intensities in the 0 1s shakeup spectrum of water, though only for photon energies in the 1300 -1500 eV region. At a less rigorous theoretical level some attempts have been made to understand the near-threshold satellite intensities by means of simple models (" adiabatic limit" ) based on timedependent perturbation theory [14 -16] . In view of the approximate nature of these models, a more reliable theoretical description based on a proper quantummechanical treatment would be highly desirable.
The familiar frozen-core Hartree-Fock (FCHF) approximation, widely used in studies of single-hole ionization [17] , cannot be applied to the case of photoelectron In the following we will brieAy review the essential features of the relaxed-core Hartree-Fock (RCHF) approximation and then discuss its specific application to the case of core-hole satellite states. A more detailed discussion of this approach has been given in our previous
The normalization properties of the continuum orbitals can be transferred to the ¹ lectron final states provided that the orthogonality constraints l ip)v -i ) () (2) are fulfilled.
Using the product approximation (1) for the final state, the ¹ lectron transition amplitudes
can be written in the more explicit form [20 -22] &. ' (4) we may distinguish two contributions to the transition amplitude. The first sum on the right-hand side of Eq. (4) , referred to as the direct part ( A '), combines the bound-free dipole integrals & f'k 'ld lP") and the (N -1)-particle overlap or spectroscopic amplitudes x"". The second sum (A") contains products of the bound-free overlap integrals &f(k 'liI)") and the (N -1)-particle transition moments y"'"'. This contribution, arising from the nonorthogonality of the continuum and the (frozen) HF orbitals, is called the conjugate part [19, 20] . For large photoelectron energies the overlap integrals &P'k 'lP") vanish much more rapidly than the dipole integrals & P(")ld lP"). Thus, in the limit of high photon energy (sudden limit) the photoelectron intensities are solely determined by the direct part [3] . [19, 20] . In Eq.
(12a), however, the simple overlap and dipole integrals have to be replaced by efFective quantities defined as follows: (14) &q"ly, &=0, roc, (10) Using these relations the general expressions derived in I for the RCHF transition moments simplify considerably. Moreover, all artificial contributions to the RCHF amplitude arising from the lack of strict orthogonality of the conditions. Explicit RCHF satellite potentials will be given in Sec. II C.
As discussed in I, complications arise in the RCHF approximation due to nonorthogonality between the frozen and the relaxed orbitals used in representing the initial and final N-electron state, respectively. In the case of Kshell ionization, however, these problems can be eliminated in a well-defined manner, namely by using the corevalence separation (CVS) approximation which can be justified by the large energy gap between core and valence levels and the small coupling integrals for states with difFerent core orbital occupations. Within this approximation the relaxed and frozen 1s orbital, henceforth denoted by l itj, & and lP, &, respectively, become identical and the following orthogonality relations hold:
By comparing Eqs. (12a) -(12c) with the form given for the transition amplitude in Eqs. (4a) and (4b) we can easily specify the bound-state amplitudes x' " and y"'~" in the RCHF approximation. The result for the spectroscopic amplitude x"' "' is (15) Thus, the direct part of the transition moment may be written as =&y'"-'ld"ly, & ""
Comparison of the direct part of the full amplitude of Eq. (12) (25) u(0)= g (2J; -K;)n;+J, +K, +Ji , 'K&+ J -, 'K--- 
-g y","( uld Il ) n, -g yk, "i ( u ld lc ) n". (27) Here the abbreviation where J = -, '(J +J ) and K = , '(K +k ). (14) - (16), (20)] is easily obtained. Again, there is no zeroth-order contribution, A, ( k(0)=0 (30) since the zeroth-order overlaps (p'k 'lp& & and (pjlp~& vanish. In first-order the RCHF and CVS approximations lead to the following result:
The RCHF model described above was applied to the pair of (2ir)'(2cr) '(lm) '( X+) satellites in the C ls photoelectron spectrum of CO. The computational procedures were essentially the same as in our previous calculations of the 1s single-hole ionization and we refer the reader to the description given in I for more details.
Hartree-Fock (HF) calculations of good quality (as defined in I) were performed for the neutral CO molecule and the C 1s single-hole state of CO+. The relaxed orbitals generated by the latter HF calculation were chosen to represent both the~~* triple-t (S1 ) and singlet (SO) satellite state, respectively, with the first virtual (unoccupied) m orbital used as the sr* orbital. The explicit expressions for the satellite wave functions and the associated static-exchange potentials are as specified by Table I and Eqs. (21), respectively.
The one-electron Schrodinger equation for the photoelectron orbitals was solved using an iterative method based on the Schwinger variational principle and singlecenter expansion technique [25, 26] . Details of these calculations are discussed in I. Single In the strict RCHF model the spectroscopic amplitude xi, (1) [1, 28] . The assignment of these peaks to a triplet (S1) and singlet (SO)~-sr* excitation in addition to the C ls hole has been confirmed by Guest et al [29] on the. To see the effect of interference more clearly we have p 0 lotted in Fig. 4 the "effective conjugate" cross section P0 for SO Figure 5 shows the relative satellite intensities (branching ratios) as observed in recent synchrotron radiation studies [30] . Although to some extent these data may still reAect some experimental di% cultic s, there seems to be firm evidence for the major trends: the substantial increase of the S1 intensity, in contrast to the vanishing of the SO satellite, for low photon energies. A near-threshold branching ratio of over 10% for Sl was deduced from these synchrotron studies. The SO satellite, on the other hand, could only be traced down to about 350 eV, since for lower energy its intensity became too small and could no longer be separated from the background signal. Fig. 2 for the S1 satellite of CO (C 1s '). [1] and [29] ).
taken from the RCHF calculation described in I, using, hot@ever, the spectroscopic factor x"=0.68 from the Green's function calculation [27] '(lm) '. According to the results of Ref. [27] there are four states in the order X, 6 , and X at energies 9.7, 9.8, 11.1, and 11. 4 
